We studied the binding of [Co(phen) 2 (HPIP)]Cl 3 to mismatched d(GCGAGC) 2 containing two sheared G:A mispairs by NMR. The result shows that the complex was intercalated into G:A region from the minor groove and extended to the major groove, and could selectively recognize the mispairs. 
Base mismatches arise naturally in the life cycle of a cell as a result of either polymerase error or DNA damage. Under most circumstances the cell corrects these mispairings using a complex repair system to prevent mutations in the genetic code. Experimental systems for the recognition of mismatches are of particular interest in the cases where this repair system is not functioning efficiently and allows errors in the DNA sequence to persist. Studies showed that, the sheared G:A pairing has similar stabilities to the standard Watson-Crick base pairs, and is the least efficiently repaired base mismatch [1] . Up to date, specific recognition of this mispair has not yet been reported. According to refs. [2 6 ], the GpA phosphodiester links converts into a B II configuration from the B I conformation of normal B-form DNA, which results in a downfield shift of the GpA 31 P resonance. Furthermore, the adenosine swings away from intrastrand stacking on the preceding guanine and participates in cross-strand stacking with the adenine of the opposite strand. The specific stacking results in a wider minor groove in the mispairing region than in normal WC base pairs region, and a narrower major groove. Molecular modeling shows the two stacking guanine lie in the major groove, and the two stacking adenine lie in the minor groove. The HPIP intercalating ligand has a planar aromatic surface for insertion into DNA. The hydrogen bonding in HPIP increases the width of the ligand, and makes the molecule too large to bind readily to B-DNA. It was hypothesized, however, that the sheared G:A sites might exactly provide access for the sterically demanding ligand.
In this paper, we initially report a NMR study of the binding of [Co(phen) 2 
(HPIP)]
3+ to the oligonucleotide d(GCGAGC) 2 which contains two sheared G:A mispairings to seek the potential of inert octahedral Cobalt complex as recognition agents for mismatched base pairs in DNA (see scheme). The results indicate that the complex indeed can selectively recognize the mispairs, and has the potential repair for the backbone of the mispairs. Ever we have tried to separate the racemic cobalt complex into the enantiomers using potassium antimonyl tartrate, but each isomer is
racemized in less than 24 hours, but most of important experiments can not be accomplished in such a short time. Also, cobalt complex is racemized rapidly in the presence of oligonucleotide to generate a stable mixture of enantiomers enriched in the isomer that interacts most favorably with the oligonucleotide. Rapid racemization of the isomers through electron transfer is catalyzed by trace cobaltous ion [7] . In addition, molecular modeling suggests that the sheared G:A causes the heavy twist of the DNA backbone, so the right-hand duplex conformation near the mispairing is not very apparent, which weakens the enantiomer selective binding of the complex to DNA. So we use the racemate of the complex in our experiment.
Experimental

Materials
The oligonucleotide d(GCGAGC) 2 was obtained from Beijing AuGCT Biotechnology Co., Ltd. TMSP and 100% D 2 O were purchased from Aldrich Company. The complex was synthesized as previously described [8] . All other reagents and solvents were of analytical grade and were used as received. The oligo was dissolved in 0.50 mL of 10 mmol/L-phosphate buffer (pH 7.0), containing 20 mmol/L NaCl and 0.05 mmol/L TMSP.
For the imino proton studies, the sample was dissolved into the phosphate buffer containing 90% 
NMR measurement
NMR measurement was made on Bruker DRX-500 and DRX-300 spectrometers and analyzed on a silicon graphics workstation running Xwin-nmr. Proton chemical shifts were referenced to as an internal TMSP standard. Phosphate chemical shifts were referenced to as an external 85% H 3 PO 4 standard.
All NMR experiments were conducted at approximately 20 , unless otherwise stated. Spectra recorded in 90%H 2 O/10%D 2 O were collected using a binomial 1 3 3 1 pulse sequence for HDO peak suppression. Phase sensitive NOESY spectra in 99.996% D 2 O were recorded by the TPPI method with mixing time 350 ms, using 2048 data points in t 2 (over a spectral width of 5000 Hz) for 256 t 1 values with a pulse repetition delay 2 s with 80 scans per fid. Suppression of the residual HDO resonance was achieved by low-power presaturation during the relaxation delay. Two dimensional NMR data sets were zero-filled to 1024 points in the t 1 dimension and apodized with shifted sinebell function. Phase sensitive TOCSY spectra were obtained with mixing time 80 ms. The other parameters were similar with NOESY.
Results and Discussion
Assignment of the proton resonances of d(GCG-AGC) 2
The 1 H NMR resonances of the free oligonucleotide were assigned from a combination of NOESY and TOCSY experiments, according to the well-established methods [9 11] . The imino resonances in the NMR spectrum of the oligonucleotide dissolved in 90% H 2 O/10% D 2 O were examined to determine the extent of the nucleotide base pairing. The spectrum indicates that only the terminal residue did not form a stable base-pair, with two imino resonances being observed.
From the imino resonances, we believe the oligonucleotide is in double strands in our experiments. The imino proton at 10.36 ppm (see fig. 1(a) ) and the downfield 31 P resonance (see fig. 1 . 2) . Then, within each ring system, the resonances were assigned to particular protons from COSY spectrum. As the symmetrical structure of phen, it is not possible unambiguously to distinguish the resonances of protons 5, 4, 3, 2 from 6, 7, 8, 9. We marked these protons with H5/6, H4/7, H3/8, and H2/9, respectively. H2/9 is coupled with H3/8 by vicinal 3 J H-H , while coupled with H4/7 by long-range 4 J H-H , so the coupling constant of H2/9-H3/8 is bigger than that of H2/9-H4/7, and the cross-peak from H2/9-H3/8 is stronger than that from H2/9-H4/7. The resonance from H4/7 has been assigned by its chemical shift, hence the resonance from H2/9 and H3/8 can also be confirmed from COSY spectrum. Similarly, the resonances from HPIP were assigned.
Assignment of d(GCGAGC) 2 -bound-[Co(phen) 2 -(HPIP)]
3+ was also aided through COSY and NOESY spectra and the previously reported [Ru(phen) 2 -(DPPZ)] 2+ [13] . Further, the possible chemical shifts for intercalated metal ligand protons are restricted to within 0 1.6 ppm upfield from the location of the free metal ligand resonances [13] .
Addition of [Co(phen) 2 [14 16] . The interaction between the complex and d(GCGAGC) 2 led to two groups of resonances from ligand phen, which might be caused by the different spacial surroundings of the two ancillary ligands after HPIP intercalated into the oligonucleotide. In this system, the overlapping of the resonances from H2/9 with that of H10 results in the broad peaks in this region. Molecular modeling shows that after the complex intercalates into the sheared G:A region, the protons H13, 14, 15,16 from HPIP are all located between the ring planes formed by the two stacking adenines, and H12 lies between the ring planes formed by the two stacking guanines. The strong shield from the purine rings induces these resonances to shift upfield to different extent; the protons H8, H2 from A4 and H8 from G3 are located in the side face of the aromatic ring of HPIP, and the distance between the protons and the HPIP ring is far, so the ring current from HPIP has little effect on the resonances of these protons.
(ii) Two-dimensional NMR. NOESY spectrum of d(GCGAGC) 2 with [Co(phen) 2 Of note were the strong NOE cross-peaks from HPIP H14, H16 protons to G 3 H2′/H2″, G 3 H8, respectively, and the medium NOE from H16-G 3 H3′, while the NOEs from H12-G 3 H2″ and H15-G 3 H8 were very weak, which indicated the distance between the two protons was nearly 5 Å. Molecular modeling indicates that all of G 3 H2′, G 3 H8, G 3 H3′ lay in the major groove, and G 3 H2″ was also towards the major groove. In addition, we also saw the medium intensity NOEs from the ancillary ligand phen to the minor groove protons, such as H2-A 4 H4′, H2-A 4 H5′, H9-G 3 H1′, H9-A 4 H2′/ H2″, H9-A 4 H3′, H9-G 5 H2′, and H4-G 3 H2″ All of these indicated that the ligand HPIP inserted into G 3 A 4 region from the minor groove, and spanned the stacked base pairs and extended into the major groove. As the metal complex binds by intercalation, a selective loss of intensity of the sequential NOEs might be expected because the distance between the stacked bases at the intercalation site will significantly increase. Obviously the disappearance of the intrastrand sequential NOEs in the sheared G:A region were detected, such as A 4 H8-G 3 H2′/H2″, A 4 H8-G 3 H3′, G 3 H2′/ H2″-A 4 H2′/H2″, and simultaneously, the intensity of the sequential A 4 H8-G 3 H4′ NOE minished apparently. However, the binding of the complex might result in twist of the backbone of DNA, so some unexpected NOEs appeared, such as A 4 H1′-G 3 H4′, A 4 H1′-G 3 H2′/ H2″, G 3 H1′-A 4 H2′/H2″, A 4 H2 and G 3 H1′, G 5 H1′, C 6 H5, G 5 H2′, A 4 H2′/H2″. Fig. 4 shows the different region of NOESY, in which some important intermolecular NOEs were labeled.
In addition, the NOEs from HPIP to the protons in the terminal G:C region also appeared, such as H13-G 5 H2′/H2″, H13-C 2 H2′/H2″, H15-G 1 H2′/H2″, H15-G 5 H2′/H2″, H15-C 2 H2′/H2″. Due to the "fraying effect" of the terminal base pairs, the hydrogenbonding in the region is very weak, and the groove width is also aberrant from the normal groove width. As no NOE from phen to the terminal base pairs protons was observed, and the loss of the sequential NOEs was not apparent, we conclude that in the terminal region, the insertion of HPIP was very shallow, and only the foreside stretched forward into the base pairs. Therefore the second set of NOEs was assigned to a minor binding form.
From the imino resonances, we confirm the bounded oligonucleotide still kept in duplex conformation.
(iii) 31 P Phosphorus NMR. 31 P NMR studies of oligonucleotide bound by intercalators provide direct information concerning any backbone distortions which accompany any interaction [17] . Unlike 1 H nuclei, for which upfield movememt of ligand resonances is caused by increases in shielding due to penetration into the ring currents of the base stack, the movement of 31 P nuclei in oligonucleotides is governed by changes in the torsion angles about the phosphate linkage [18 20] . As shown in fig. 5 , the free oligonucleotide exhibited a sharp peak at downfield 1.1 ppm, far away from the other resonances, which was typical for sheared G:A base pairs with a B II conformation. When the oligonucleotide was bound by [Co(phen) 2 -(HPIP)] 3+ , the peak shifted upfield, and a new little peak appeared on the right of it. We speculate it belongs to another resonance from 4P. Upfield shift indicates the change of the B II conformation of the phosphate backbone in G 3 A 4 region. Molecular mod- eling also shows that the intercalation of the complex into G:A region weakens the sheared degree. Combined with the 1 H NMR, we conclude that HPIP selectively inserts into the sheared G:A region. A few new peaks also appear in the other resonances region, because the intercalation of the complex into the G:A region causes the distortion of the neighborhood phosphate backbone.
Conclusion
The complex [Co(phen) 2 (HPIP)] 3+ was synthesized to determine the potential of inert octahedral Cobalt complex as recognition agents for sheared G:A base pair in DNA. The HPIP ligand, with a planar aromatic surface for insertion into DNA, has a large width, which makes the molecule too large to bind readily to B-DNA. While the sheared G:A DNA has a wider minor groove than B-DNA, the geometry would allow HPIP to bind easily in the region.
In NOESY experiments with d(GCGAGC) 2 , many NOE contacts were observed between the protons from metal complex and the hexanucleotide. As these NOEs are predominantly from HPIP to the major groove protons, and from phen to the minor groove protons in the sheared G:A region, we conclude that the ligand HPIP inserted into the adenine base stacking from the minor groove, and extended to the guanine stacking in the major groove. The result of 31 P NMR study indicated that the complex binding induced the change of the B II conformation of the phosphate backbone in G 3 A 4 region, and had the trend to B I conformation. To some degree, the complex has the potential repair for the phosphate backbone in the sheared G:A region.
Overall, the results of this study demonstrate that the octahedral metallointercalator [Co(phen) 2 
(HPIP)]
3+
can recognize the sheared G:A base pair, which could have potential application value in the design of mismatch-specific chemical agents.
